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Abstract 
Textile-reinforced composites with thermoplastic matrices are characterised by high specific mechanical properties and enable short 
processing times. In addition, function-integrative lightweight components can be realised by embedding sensor networks into such 
composite structures. In the present study, composites with integrated sensor networks consisting of strain gauges, interconnection buses 
and application-specific integrated circuits (ASIC) are analysed. At first, the mechanical behaviour of glass fibre-reinforced 
polypropylene (GF/PP) with embedded sensor network components is investigated. Micrograph investigations and computer tomography 
analyses are used to study fibre orientations and interface qualities between the thermoplastic composite and the embedded components. 
Mechanical tests under tensile and flexural loading are accomplished with strip specimens in order to study the effects of the embedding 
on the structural stiffness and strength of the composite. Afterwards, the strains measured by embedded strain gauges are evaluated by 
means of optical measuring techniques under tensile loading. The results confirm that integrated sensor networks are suited for the 
structural health monitoring of GF/PP structures. 
© 2013 The Authors. Published by Elsevier Ltd. 
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Nomenclature 
ASIC application-specific integrated circuit 
GF/PP glass fibre-reinforced polypropylene 
FCB flexible circuit board 
FVF fibre volume fraction 
HY hybrid yarn 
MKF multi-layered weft-knitted fabric 
R tensile strength 
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1. Introduction 
Fibre-reinforced composites have high specific stiffnesses and strengths. Additionally, these materials offer the 
possibility to design load-adapted material characteristics. In order to make these outstanding properties available for high-
volume production, textile-reinforced composites with thermoplastic matrices are advantageous because of their feasibility 
of short processing times. Thermoplastic composites furthermore offer various forming possibilities, weld-ability, high 
ultimate strain and fracture toughness, and good resistance to media and corrosion, which makes them interesting for 
industrial applications [Abounaim et al., 2010; Badawi, 2007]. Additionally, these composites are easier to recycle than 
composites with thermosetting matrices [Zogg, 1996].  
 
Today, function-integration plays a key role in designing competitive products. Composites can be functionalised by 
integrating various electronic components into the material structure. Sensors are employed to perform strain 
measurement [De Baere et al., 2009; Kunadt et al., 2010a] or structural health monitoring [Lin and Chang, 2002]. 
Embedded sensor networks involve the functionality of sensors (data mining), integrated circuits (data processing), and 
actuators (structure manipulation). These systems open new fields of application.  
 
Hufenbach et al., 2007 describe the manipulation of the dynamic behaviour of rotating composite components by 
integrated piezoceramic devices. Ye et al., 2005 introduce a system which is able to automatically and continuously monitor 
the structural performance of composite structures. The transmission of data by wireless techniques is presented by 
Roscher et al., 2007. Besides of preserving the functionality of the electronic components during the manufacturing 
process [Javidinejad and Joshi, 2001; Kunadt et al., 2010b; Yang et al., 2005], ongoing research analyses the influence of 
these embedded electronic components and networks on the mechanical performance of fibre-reinforced composites. 
Miscellaneous sensor network components are examined like piezoceramic devices [Hufenbach et al., 2006; 
Yang et al., 2005], thermocouples and metallic strain gauges [Kim et al., 1992], optical fibres [Ling et al., 2005; Liu and 
Liang, 2010], or flexible circuit boards and chip resistors [Schaaf et al., 2005]. However, the majority of the published 
research work focuses on composites with thermosetting matrices. 
 
Kunadt et al., 2010b describe sensor networks suitable for the integration into textile-reinforced GF/PP. Such sensor 
networks enable a structure-integrated measurement and evaluation of mechanically induced strains. The basic components 
of these networks are an application-specific integrated circuit (ASIC), interconnection buses and a sensor, e.g. a strain 
gauge. The GF/PP specimen with an integrated sensor network shown in Fig. 1 provides information to the user about the 
strain state by composite-integrated LEDs. Consequently, the user is able to identify an overloaded structure. Additionally, 
the ASIC can store data related to such incidents. In the present study, components of such sensor networks are embedded 
into textile-reinforced GF/PP and the mechanical behaviour of the composite is investigated. Stiffness and strength of these 
structures are compared to undisturbed specimens in order to identify changes in the mechanical properties of the 
composite. In addition to an ASIC, a thin flexible printed circuit board (FCB) is considered which should represent a bus as 
well as a strain gauge. Micrograph and computer tomography analyses are accomplished in order to identify possible 
interlaminar imperfections and modified fibre orientations due to the additional components. The influence of the integrated 
sensor network components on the structural stiffness and strength is quantified under quasi-static tensile and flexural 
loading. Furthermore, tensile tests are conducted on GF/PP specimens with embedded strain gauges. The embedded 
components are connected to an external data logger by additional copper wires. The results are compared with data 
simultaneously recorded by an external optical measuring device. The findings of these investigations are the basis to 
correctly interpret the signals of embedded strain gauges. 
 
 
Fig. 1. GF/PP composite specimen with integrated sensor network and optical feedback: (a) network is activated (green LED) (b) highly loaded structure 
(red LEDs) [Starke, 2006] 
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2. Manufacturing 
Orthotropic composite plates are fabricated using six layers of multi-layered weft-knitted GF/PP. These textile semi-
finished products were manufactured using hybrid yarns and consist of one [0/90] layer [Diestel, 2000]. The applied hybrid 
yarns are composed of glass fibres and polypropylene filaments. By utilising such yarns, the matrix flow path is reduced to 
the possible minimum and the highly viscous thermoplastic matrix is able to fully impregnate the reinforcing glass fibres. In 
Table 1, the textile parameters of the chosen multi-layered weft-knitted fabrics are summarised. In order to realise [(0/90)3]S 
and [(±45)3]S orthotropic specimens, two types of layups are generated. 
Table 1. Textile parameters of the utilised multi-layered weft-knitted fabrics (MKF) made of hybrid yarns (HY) 
Yarn Material No. of fibres Yarn count nom.  
lin. Density  
(tex) 
Yarn content  
in MKF  
(wt%) 
Glass fibre content  
in MKF  
(vol%) 
Mass ratio 
warp:weft 
Weft GF/PP-HY 1 1398 41.5 24.3 
Warp GF/PP-HY 1 1398 42.0 24.5 
1:1 
Stitch GF/PP-HY 1 138.5 16.5 5.9  
 
The FCB components are manufactured on the basis of commercially available flexible printed circuit boards. The 
substrate of these boards is a 150 μm thick epoxy layer reinforced by a glass fibre fabric. This structure is coated by a 
copper layer with a thickness of 18 μm. The FCB components shown in Fig. 2 (a) consist of seven 0.4 mm wide leads and 
have a total width of 12.5 mm. The considered ASIC module shown in Fig. 2 (b) is based on the flexible printed circuit 
board described above. Additionally, an integrated circuit component is soldered onto the prepared flexible printed circuit 
board using lead-free solder (melting point 221 °C). The complete ASIC module has in-plane dimensions of 
(13 × 20.5) mm² and a maximum height of 1.6 mm. To investigate the influence of the sensor network components on the 
mechanical behaviour of textile-reinforced GF/PP separately, the ASIC is not connected to an additional bus. In the layup 
process of the specimen plates, ASIC and FCB are positioned in the plane of symmetry of the composite. The FCB 
components are oriented parallel (P) and transverse (T) to the longitudinal direction of the specimens, respectively. The 
transverse oriented FCB stretches over the whole width of the specimen. Like the transverse oriented FCB, the ASIC 
modules are centred with reference to the specimen length. Each specimen contains not more than one integrated sensor 
network component. 
 
 
Fig. 2. Considered sensor network components: (a) flexible printed circuit board and (b) application-specific integrated circuit 
The samples with embedded strain gauges are manufactured in a similar way and also consist of six GF/PP layers. Each 
specimen contains two strain gauges with a gauge length of 10 mm. The first is positioned between the first and second 
layer, the second between the fifth and sixth layer. The strain gauges are oriented parallel to the loading direction. To 
connect the strain gauges to an external data logger, metallic wires are utilised. During the layup process, these wires are 
lead through the composite in z-direction. 
 
The completed stacks are transferred into an evacuated moulding press. The consolidation process is executed with a 
constant pressure of 0.6 MPa and a maximum temperature of 200 °C. The cooling rate was 2 K/min. The consolidated 
GF/PP plates have a thickness of 3.2 mm and are cut by a water-cooled circular saw. 
3. Experimental Procedure 
To study the interface between the sensor network components and the surrounding GF/PP, samples of the different 
configurations are produced for computer tomography and micrograph analysis. The specimens for computer tomography 
with dimensions of approx. (30 x 30) mm² are scanned by means of a NANOTOM 180NF computer tomography system. 
The micrograph specimens (dimensions of (20 × 10) mm²) are embedded in acrylic resin and polished with grain sizes of 
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down to 3 μm. Afterwards, optical light microscopes (STEMI-2000-C, AXIOTECH 100) are used to accomplish the 
micrograph observation.  
 
In order to compare the mechanical properties of a conventional textile-reinforced GF/PP and the alternative structure 
with embedded sensor network components, tensile tests are executed on a ZWICK 1475 testing device with a displacement 
rate of 2 mm/min until failure. The tensile stiffness is measured in a range between 0.05 % and 0.25 % strain by means of a 
contact extensometer with a gauge length of 50 mm. Additionally, three point flexural tests are conducted on a ZWICK 1465 
testing device following DIN EN ISO 14125 with a displacement rate of 2 mm/min. During the test, the deflection of the 
specimen is measured directly beneath the punch by means of a contacting displacement measuring device. The flexural 
stiffness is determined between 0.2 % and 0.3 % outer fibre strain. 
 
The specimens with embedded strain gauges are connected to an external data logger by additional copper wires in order 
to record the measured strains. These results are compared with data simultaneously recorded by an external optical 
measuring device. The applied ARAMIS system is able to measure deformations and to calculate the associated in-plane 
strains. It allows for the contact-free investigation of large areas of the specimens and enables the assessment of the strain 
field around the embedded strain gauges, for example to study its homogeneity. This method requires a stochastic pattern on 
the specimen’s surface which has to be applied in the forefront of the tests. In the course of the subsequent data processing, 
noise reduction is performed by statistical methods. 
4. Results and discussion 
4.1. Optical investigation 
The information gained with computer tomography gives an overview regarding the homogeneity of the interface 
between GF/PP and embedded sensor network component. The additional micrograph observations offer realistic images of 
chosen cross sections which are easy to interpret. The specimens with embedded FCB (Fig. 3 (a)) have a homogeneous 
distribution of glass fibres and polypropylene in the whole cross section. Computer tomography and micrograph imaging 
show a nearly undisturbed run of the reinforcing fibres of the GF/PP composite. Also, the interface of GF/PP and FCB is 
homogeneous with no visible voids. Due to the structure of the neighbouring glass fibre rovings, the FCB structure is 
undulating. 
The micrograph and computer tomography images of a specimen with embedded ASIC module shown in Fig. 3 (b) 
reveal a more inhomogeneous cross section due to the increased thickness of the embedded structure. A significant 
undulation of the glass fibre rovings as well as a deformation of the flexible printed circuit board is visible. The latter can 
cause breaks in printed leads and therefore has to be taken into account in the design process of ASIC modules. Regions rich 
in matrix appear in the transition area. Above and beneath the ASIC module, regions with an increased fibre volume 
fraction (FVF) are apparent. 
 
 
Fig. 3. Micrograph (top) and computer tomography (bottom) images of GF/PP specimen with integrated FCB (a) and ASIC module (b) 
4.2. Tensile test 
The results of the tensile tests are summarised in Fig. 4 in terms of normalised values. Besides specimens with integrated 
sensor network components, a reference series N without any discontinuity is contained in the given survey. Regarding the 
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[0/90] series, the specimens with embedded ASIC show a slightly reduced tensile stiffness, the tensile strength lies in the 
range of the undisturbed reference. The increased standard deviation of the strength is caused by the stochastic influence of 
the ASIC on the orientation of the reinforcing glass fibres. The specimens with parallel orientation of the FCB achieve a 
similar average tensile stiffness and strength as the reference. In contrast, the transverse orientation of the FCB leads to a 
slightly reduced tensile stiffness and strength. The lack of an undisturbed part of the cross section causing a weak 
interlaminar bonding may be the reason for this result. The tensile stiffness of the [±45] ASIC specimens is 4.5 % lower 
than the reference value. In addition, the embedded elements significantly reduce the strength of [±45] specimens by 13 %. 
The ascertained decrease of the structural properties may be induced by a weak interlaminar bonding and the altered fibre 
orientation. In contrast, [±45] FCB (P) specimens show an increase of the tensile stiffness by 13 %. The embedded FCB 
with a glass fibre-reinforced substrate significantly contributes to the overall tensile stiffness of the [±45] specimens. 
However, the change of the average tensile strength of the [±45] specimens is not significant. In summary, the changes in 
tensile stiffness and strength of fibre-reinforced composites with embedded sensor network components are depending on 
the composite layup and the properties of the embedded components. Similar results are published for example by Yang et 
al., 2005. 
 
 
Fig. 4. Normalised tensile strength and stiffness of [0/90] and [±45] specimens made of multi-layered weft-knitted GF/PP (reference specimens without 
embedded sensor network component marked with "N") 
4.3. Flexural test 
Fig. 5 gives an overview of the results obtained in the flexural tests. The flexural stiffness of all specimens is slightly 
increased by the additional elements. Here, the increased fibre volume fraction at the specimens top and bottom side as well 
as the contribution of the additional components to the overall stiffness is noticeable. For [0/90] specimen, the flexural 
strength of the ASIC series is reduced by 5 %. Regarding the FCB, the flexural strengths of [0/90] specimens with parallel 
and transverse orientation of the component are not significantly altered. With regard to the [±45] series, the flexural 
strengths are slightly reduced for ASIC specimens. The specimens with embedded FCB component achieve a 5.2 % higher 
flexural strength, very likely caused by the additional glass fibre fabric of the FCB substrate layer. The results of the flexural 
tests are in good accordance with results found in the literature for other materials, which show no serious reduction of the 
flexural properties of fibre-reinforced composites by embedded sensor network components (cf. [Lin and Chang, 2002, 
Kim et al., 1992, and Schaaf et al., 2005]). 
 
Fig. 5. Normalised flexural strength and stiffness of [0/90] and [±45] specimens made of multi-layered weft-knitted GF/PP (reference specimens without 
embedded sensor network component marked with "N") 
4.4. Strain measurement with integrated strain gauges 
Results of the tensile tests on GF/PP specimens with integrated strain gauges are shown in Fig. 6. The left diagram 
includes stress-strain curves obtained for a chosen specimen. Obviously, the measured strains of the two strain gauges 
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deviate from each other. The reasons for this result are the specific position of the individual strain gauge with respect to the 
reinforcing fibres as well as the imperfect orientation of the strain gauges. Additionally, both strain gauges measure smaller 
strains than ARAMIS for a given stress state. Under the assumption that the strain gauges are bonded to the surrounding 
composite structure only by the matrix, the low shear modulus of polypropylene is likely to be the reason for this behaviour. 
Strains of the composite are only partially transferred to the stiff metallic strain gauge. The right diagram in Fig. 6 displays 
the ratio of strain gauge and ARAMIS strains in terms of average values of three specimens. Additionally, a scatter band 
representing the standard deviation is given. The difference increases for higher strains, nearly 20 % for strains of 2 % are 
observed. Therefore, the monitoring of composite structures with embedded strain gauges has to be used carefully and an 
initial calibration of the composite-integrated sensor network may be helpful. 
 
 
Fig. 6. GF/PP specimen under tensile load: stress-strain curves measured with integrated strain gauges and ARAMIS, respectively (left) and ratio of strain 
gauge and ARAMIS strains (right) 
5. Conclusions 
The present study deals with composite-integrated sensor networks and their ability to monitor the strain state of GF/PP 
composite structures. At first, the influence of embedded sensor network components on the stiffnesses and strengths of 
multi-layered weft-knitted GF/PP is investigated. In summary, it is shown that the embedding of sensor network 
components into textile-reinforced thermoplastics slightly alters the mechanical behaviour of the structure. Furthermore, the 
extent of the modifications depends on the geometry and material of the particular component. Consequently, novel sensor 
network component ask for experimental studies in order to characterise their impact on the overall mechanical behaviour of 
textile-reinforced thermoplastics. In further studies, the results have to be complemented by tests with in-plane compressive 
and cyclic loading. 
In addition, the performance of composite-integrated strain gauges is evaluated. The results show significant differences 
in strains measured by integrated strain gauges and external optical measuring techniques. Therefore, an initial calibration of 
embedded strain sensors is necessary. Subsequently, it is possible to monitor the strain state of the composite structure. As 
an alternative, strain gauges based on carbon fibres have to be investigated. These components are joined to the reinforcing 
structure by textile techniques. Consequently, they should reflect the actual stress state in a better way. 
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